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Preface

In 1978, a national workshop on fire effects in Denver, Colorado provided the impetus for the
“Effects of Wildland Fire on Ecosystems” series. Recognizing that knowledge of fire was
needed for land management planning, state-of-the-knowledge reviews were produced that
became known as the “Rainbow Series.” The series consisted of six publications, each with
a different colored cover (frequently referred to as the Rainbow series), describing the effects
of fire on soil (Wells and others 1979), water (Tiedemann and others 1979), air (Sandberg and
others 1979), flora (Lotan and others 1981), fauna (Lyon and others 1978), and fuels (Martin
and others 1979).

The Rainbow Series proved popular in providing fire effects information for professionals,
students, and others. Printed supplies eventually ran out, but knowledge of fire effects
continued to grow. To meet the continuing demand for summaries of fire effects knowledge,
the interagency National Wildfire Coordinating Group asked Forest Service research leaders
to update and revise the series. To fulfill this request, a meeting for organizing the revision was
held January 46, 1993 in Scottsdale, AZ. The series name was then changed to “The Rainbow
Series.” The five-volume series covers air, soil and water, fauna, flora and fuels, and cultural
resources.

The Rainbow Series emphasizes principles and processes rather than serving as a
summary of all that is known. However, it does provide a lot of useful information and sources
for more detailed study of fire effects. The five volumes, taken together, provide a wealth of
information and examples to advance understanding of basic concepts regarding fire effects
in the United States and Canada. While this volume focuses on the United States and Canada,
there are references to information and examples from elsewhere in the world (e.g. Australia,
South Africa, Spain, Zimbabwe, and others) to support the statements made. As conceptual
background, they provide technical support to fire and resource managers for carrying out
interdisciplinary planning, which is essential to managing wildlands in an ecosystem context.
Planners and managers will find the series helpful in many aspects of ecosystem-based
management, but they also have the responsibility to seek out and synthesize the detailed
information needed to resolve specific management questions.

— The Authors
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Summary

Fire is a natural disturbance that occurs in most terres-
trial ecosystems. It is also a tool that has been used by
humans to manage a wide range of natural ecosystems
worldwide. As such, it can produce a spectrum of effects
on soils, water, riparian biota, and wetland components
of ecosystems. Fire scientists, land managers, and fire
suppression personnel need to evaluate fire effects on
these components, and balance the overall benefits and
costs associated with the use of fire in ecosystem man-
agement. This publication has been written to provide up-
to-date information on fire effects on ecosystem re-
sources that can be used as a basis for planning and
implementing fire management activities. Itis a compan-
ion publication to the recently published book, Frre’s
Elfects on Ecosysterns by DeBano and others (1998).

In the late 1970s, the USDA Forest Service published
a series of state-of-knowledge papers about fire effects
on vegetation, soils, water, wildlife, and other ecosystem
resources. These papers, collectively called “The Rain-
bow Series” because of their covers, were widely used by
forest fire personnel. This publication updates both the
Tiedemann and others (1979) paper on fire's effects on
water and the Wells and others (1979) paper on soils.

This publication is divided into three major parts (A, B,
C) and an introductory chapter that provide discussions
of fire regimes, fire severity and intensity, and fire related
disturbances. Part A describes the nature of the soil
resource, its importance, characteristics and the re-
sponses of soils to fire and the relationship of these
features to ecosystem functioning and sustainability.
Part Ais divided into three main chapters (2, 3, and 4) that
describe specific fire effects on the physical, chemical,
and biological properties of the soil, respectively. Like-
wise, Part B discusses the basic hydrologic processes
that are affected by fire, including the hydrologic cycle,
water quality, and aquatic biology. It also contains three

vii

chapters which specifically discuss the effect of fire on
the hydrologic cycle, water quality, and aquatic biology in
chapters 5, 6, and 7, respectively. Part C has five chap-
ters that cover a wide range of related topics. Chapter 8
analyzes the effects of fire on the hydrology and nutrient
cycling of wetland ecosystems along with management
concerns. The use of models to describe heat transfer
throughout the ecosystem and erosional response mod-
els to fire are discussed in chapter 9. Chapter 10 deals
with important aspects of watershed rehabilitation and
implementation of the Federal Burned Area Emergency
Rehabilitation (BAER) program. Chapter 11 directs the
fire specialists and managers to important information
sources including data bases, Web sites, textbooks,
journals, and other sources of fire effects information. A
summary of the important highlights of the book are
provide in chapter 12. Last, a glossary of fire terms is
included in the appendix. The material provided in each
chapter has been prepared by individuals having specific
expertise in a particular subject.

This publication has been written as an information
source text for personnel involved in fire suppression and
management, planners, decisionmakers, land manag-
ers, public relations personnel, and technicians who
routinely and occasionally are involved in fire suppres-
sion and using fire as a tool in ecosystem management.
Because of widespread international interest in the pre-
vious and current “Rainbow Series” publications, the
International System of Units (Systeme International
d’'Unites, Sl), informally called the metric systems (cen-
timeters, cubic meters, grams), is used along with En-
glish units throughout the volume. In some instances one
orthe other units are used exclusively where conversions
would be awkward or space does not allow presentation
of both units.
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Chapter 1:
Introduction

Background

At the request of public and private wildland fire
managers, who recognize a need to assimilate current
fire effects knowledge, the Rocky Mountain Research
Station has produced a state-of-the-art integrated
series of documents relative to management of ecosys-
tems (Smith 2000, Brown and Smith 2000, Sandberg
and others 2002, Neary and others this volume, and
Jones and Ryan in preparation). The series covers our
technical understanding of fire effects, an understand-
ing that has grown considerably since the first version
of this series, the “Rainbow Series,” was published in
1979. Since that time our awareness has grown that
fire is a fundamental process of ecosystems that must
be understood and managed to meet resource and
ecosystem management goals. The volumes in the
current series are intended to be useful for land man-
agement planning, development of environmental as-
sessments and environmental impact statements,
training and education, informing others such as con-
servation groups and regulatory agencies, and access-
ing technical literature. Knowledge of fire effects has
risen in importance to land managers because fire, as
a disturbance process, is an integral part of the con-
cept of ecosystem management and restoration ecol-
ogy. Fire initiates changes in ecosystems that affect

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 4. 2005

the composition, structure, and patterns of vegetation
on the landscape. It also affects the soil and water
resources of ecosystems that are critical to overall
functions and processes.

Fireis a dynamic process, predictable but uncertain,
that varies over time and landscape space. It has
shaped plant communities for as long as vegetation
and lightning have existed on earth (Pyne 1982).
Recycling of carbon (C) and nutrients depends on
biological decomposition and fire. In regions where
decay is constrained either by dry or cold climates or
saturated (in other words, anaerobic) conditions, fire
plays a dominant role in recycling organic matter
(DeBano and others 1998). In warmer, moist climates,
decay plays the dominant role in organic matter recy-
cling (Harvey 1994), except in soils that are predomi-
nantly saturated (in other words, hydric soils).

The purpose of this volume, Effects of Fire on Soils
and Water, is to assist land managers with ecosystem
restoration and fire management planning responsi-
bilities in their efforts to inform others about the
impacts of fire on these ecosystem resources. The
geographic coverage in this volume is North America,
but the principles and effects can be applied to any
ecosystem in which fire is a major disturbance process.

This publication is divided into three major parts
and an introductory chapter that provides discussions



of fire regimes, fire severity and intensity, and fire
related disturbances. Part A describes the nature of
the soil resource, its importance, characteristics and
the responses of soils to fire, and the relationship of
these features to ecosystem functioning and
sustainability. Part A begins with a general overview
and then is divided into three chapters (2, 3, and 4).
Likewise, part B begins with a general overview then
is divided into three chapters (5, 6, and 7) that discuss
the basic hydrologic processes that are affected by fire,
including the hydrologic cycle, water quality, and
aquatic biology. Part C has five chapters that cover a
wide range of related topics. Chapter 8 analyzes the
effects of fire on the hydrology and nutrient cycling of
wetland ecosystems along with management concerns.
The use of models to describe heat transfer throughout
the ecosystem and erosional response models to fire
are discussed in chapter 9. Chapter 10 deals with
important aspects of watershed rehabilitation and
implementation of the Federal Burned Area Emer-
gency Rehabilitation (BAER) program. Chapter 11
directs the fire specialists and mangers to important
information sources including databases, Web sites,
textbooks, journals, and other sources of fire effects
information. A summary of the important highlights
of the book are provided in chapter 12. The book
concludes with a list of references used in the volume,
and a glossary of fire terms.

Importance of Fire to Soil and Water

Soilis the unconsolidated, variable-thickness layer of
mineral and organic matter on the Earth’s surface that
forms the interface between the geosphere and the
atmosphere. It has formed as a result of physical,
chemical, and biological processes functioning simulta-
neously on geologic parent material over long periods
(Jenny 1941, Singer and Munns 1996). Soil is formed
where there is continual interaction between the soil
system and the biotic (faunal and floral), climatic (at-
mospheric and hydrologic), and topographic compo-
nents of the environment. Soil interrelates with other
ecosystem resources in several ways. It supplies air,
water, nutrients, and mechanical support for the suste-
nance of plants. Soil also receives and processes rain-
fall. By doing so, it partly determines how much be-
comes surface runoff, and how much is stored for
delivery slowly from upstream slopes to channels where
it becomes streamflow, and by how much is stored and
used for soil processes (for example, transpiration,
leaching, and so forth). When the infiltration capacity of
the soil for rainfall is exceeded, organic and inorganic
soil particles are eroded from the soil surface and
become a major source of sediment, nutrients, and
pollutants in streams that affect water quality. Thereis
also an active and ongoing exchange of gases between
the soil and the surrounding atmosphere. Soil also

provides a repository for many cultural artifacts, which
can remain in the soil for thousands of years without
undergoing appreciable change.

Fire can produce a wide range of changes in land-
scape appearance (fig. 1.1ABC; DeBano and others

Figure 1.1—Fire produced a wide range of changes in
the forest landscape of a ponderosa pine forest in
Arizona where their appearance ranged from (A) un-
burned ponderosa pine to those burned at (B) low-to-
moderate severity and those burned at (C) high severity.
(Photos by Peter Ffolliott).
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1998). The fire-related changes associated with differ-
ent severities of burn produce diverse responses in the
water, soil, floral, and faunal components of the burned
ecosystems because of the interdependency between
fire severity and ecosystem response. Both immediate
and long-term responses to fire occur (fig. 1.2). Imme-
diate effects also occur as a result of the release of
chemicals in the ash created by combustion of biom-
ass. The response of biological components (soil micro-
organisms and ecosystem vegetation) to these changes
is both dramatic and rapid. Another immediate effect
of fire is the release of gases and other air pollutants
by the combustion of biomass and soil organic matter.
Air quality in large-scale airsheds can be affected
during and following fires (Hardy and others 1998,
Sandberg and others 2002). The long-term fire effects
on soils and water are usually subtle, can persist for
years following the fire, or be permanent as occurs
when cultural resources are damaged (DeBano and
others 1998, Jones and Ryan in preparation). Other

long-term fire effects arise from the relationships
between fire, soils, hydrology, nutrient cycling, and
site productivity (Neary and others 1999).

In the previous “Rainbow” series published after the
1978 National Fire Effects Workshop that reviewed
the state-of-knowledge of the effects of fire, separate
reports were published on soil (Wells and others 1979)
and water (Tiedemann and others 1979). Because of
the intricate linkage between soil and water effects,
this volume combines both.

Scope

The scope of this publication covers fire and distur-
bances in forest, woodland, and shrubland, and grass-
land ecosystems of the United States and Canada.
However, it is applicable to any area in the world
having similar forest types and fire regimes. In
some instances, research information from eco-
systems outside of North America will be used to
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elucidate specific fire effects on soils and water. Fire
effects on ecosystems can be described at several
spatial and temporal scales (Reinhardt and others
2001). In this chapter we will describe fire relation-
ships suitable to each spatial and temporal scale.
The fire-related disturbances included in this re-
view include wildland fires and prescribed fires, both
in natural and management activity fuels. It also
includes disturbances from fire suppression such as
fire lines and roads, and fire retardant applications.

Fire Regimes

The general character of fire that occurs within a
particular vegetation type or ecosystem across long
successional time frames, typically centuries, is com-
monly defined as the characteristic fire regime. The
fire regime describes the typical or modal fire severity
that occurs. But it is recognized that, on occasion, fires
of greater or lesser severity also occur within a vegeta-
tion type. For example, a stand-replacing crownfire is
common in long fire-return-interval forests (fig. 1.3).

Figure 1.3—High severity, stand replacing wildfire.
(Photo by USDA Forest Service).

The fire regime concept is useful for comparing the
relative role of fire between ecosystems and for de-
scribing the degree of departure from historical condi-
tions (Hardy and others 2001, Schmidt and others
2002). The fire regime classification used in this vol-
ume is the same as that used in the volume of this
series (Brown 2000) on the effects of fire on flora.
Brown (2000) contains a discussion of the develop-
ment of fire regime classifications based on fire char-
acteristics and effects (Agee 1993), combinations of
factors including fire frequency, periodicity, intensity,
size, pattern, season, and depth of burn (Heinselman
1978), severity (Kilgore 1981), and fire periodicity,
season, frequency, and effects (Frost 1998). Hardy and
others (1998, 2001) used modal severity and frequency
to map fire regimes in the Western United States
(table 1.1).

The fire regimes described in table 1.1 are defined as
follows:

¢ Understory Fire Regime: Fires are gener-
ally nonlethal to the dominant vegetation and
do not substantially change the structure of
the dominant vegetation. Approximately 80
percent or more of the aboveground dominant
vegetation survives fires. This fire regime ap-
plies to certain fire-resistant forest and wood-
land vegetation types.

e Stand Replacement: Fires are lethal to
most of the dominant aboveground vegetation.
Approximately 80 percent or more of the
aboveground dominant vegetation is either
consumed or dies as a result of fire, substan-
tially changing the aboveground vegetative
structure. This regime applies to fire-susceptible
forests and woodlands, shrublands, and
grasslands.

e Mixed: The severity of fires varies between
nonlethal understory and lethal stand replace-
ment fires with the variation occurring in space
or time. First, spatial variability occurs when
fire severity varies, producing a spectrum from

Table 1.1—Comparison of fire regime classifications according to Hardy and others (1998, 2001) and Brown (2000).

Hardy and others 1998, 2001 Brown 2000
Fire regime group Frequency (years) Severity Severity and effects Fire regime

I 0-35 Low Understory fire 1
Il 0-35 Stand replacement Stand replacement 2
1] 35-100+ Mixed Mixed 3
\Y 35-100+ Stand replacement Stand replacement 2
\ Greater than 200 Stand replacement Stand replacement 2

Non-fire regime 4

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 4. 2005



understoryburning to stand replacement within
anindividual fire. This results from small-scale
changes in the fire environment (fuels, terrain,
or weather) and random changes in plume
dynamics. Within a single fire, stand replace-
ment can occur with the peak intensity at the
head of the fire while a nonlethal fire occurs on
the flanks. These changes create gaps in the
canopy and small to medium sized openings.
The result is a fine pattern of young, older, and
multiple-aged vegetation patches. While this
type of fire regime has not been explicitly de-
scribed in previous classifications, it commonly
occurs in some ecosystems because of fluctua-
tions in the fire environment (DeBano and
others 1998, Ryan 2002). For example, complex
terrain favors mixed severity fires because fuel
moisture and wind vary on small spatial scales.
Secondly, temporal variation in fire severity
occurs when individual fires alternate over
time between infrequent low-intensity surface
fires and long-interval stand replacement fires,
resulting in a variable fire regime (Brown and
Smith 2000, Ryan 2002). Temporal variability
also occurs when periodic cool-moist climate
cycles are followed by warm dry periods leading
to cyclic (in other words, multiple decade-level)
changes in the role of fire in ecosystem dynam-
ics. For example in an upland forest, reduced
fire occurrence during the cool-moist cycle
leads to increased stand density and fuel
build-up. Fires that occur during the transi-
tion between cool-moist and warm-dry periods

can be expected to be more severe and have
long-lasting effects on patch and stand dynam-
ics (Kauffman and others 2003).

¢ Nonfire Regime: Fire is not likely to occur.

Subsequently, Schmidt and others (2002) used these
criteria to map fire regimes and departure from his-
torical fire regimes for the contiguous United States.
This coarser-scale assessment was incorporated into
the USDA Forest Service’s Cohesive Strategy for pro-
tecting people and sustaining resourcesin fire adapted
ecosystems (Laverty and Williams 2000). It is explic-
itly referred to in the United States as the 2003
Healthy Forest Restoration Act (HR 1904). The clas-
sification system used by Brown (2000) found in the
Effects of Fire on Flora volume (Brown and Smith 2000)
is also based on fire modal severity, emphasizes fire
effects, but does not use frequency. Examples of vegeta-
tion typesrepresentative of each of the fire regime types
are listed in tables 1.2a,b,c. These vegetation types are
described in the Brown and Smith (2000) volume.

Fire Severity

At finer spatial and temporal scales the effects of a
specific fire can be described at the stand and commu-
nity level (Wells and others 1979, Rowe 1983, Turner
and others 1994, DeBano and others 1998, Feller
1998, Ryan 2002). The commonly accepted term for
describing the ecological effects of a specific fire is fire
severity. Fire severity describes the magnitude of the
disturbance and, therefore, reflects the degree of change
in ecosystem components. Fire affects both the
aboveground and belowground components of the

Table 1.2a—Examples of vegetation types associated with understory fire regimes in the
United States and Canada. Some widely distributed vegetation types occur
in more than one fire regime. Variations in fire regime result from regional
differences in terrain and fire climate.

Communities Source
Longleaf pine Wade and others 2000
Slash pine Wade and others 2000
Loblolly pine Wade and others 2000
Shortleaf pine Wade and others 2000
Pine flatwoods and pine rocklands Myers 2000
Pondcypress wetlands Myers 2000
Cabbage palmetto savannas and forests Myers 2000
Oak-hickory forests Wade and others 2000
Live oak forests Myers 2000
Ponderosa pine Arno 2000, Paysen and others 2000
Ponderosa pine-mixed conifer Arno 2000
Jeffrey pine Arno 2000
Redwood Arno 2000
Oregon oak woodlands Arno 2000
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Table 1.2b—Examples of vegetation types associated with mixed severity fire
regimes in the United States and Canada. Some widely distributed
vegetation types occurin more than one fire regime. Variations in fire
regime result from regional differences in terrain and fire climate.

Communities

Source

Aspen

Eastern white pine

Red pine

Jack pine

Virginia pine

Pond pine

Mixed mesophytic hardwoods
Northern hardwoods
Bottomland hardwoods

Duchesne and Hawkes 2000
Duchesne and Hawkes 2000
Duchesne and Hawkes 2000
Duchesne and Hawkes 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000

Coast Douglas-fir and Douglas-fir’/hardwoods Arno 2000

Giant sequoia

California red fir
Sierra/Cascade lodgepole pine
Rocky Mountain lodgepole pine
Interior Douglas-fir

Western larch

Whitebark pine

Ponderosa pine
Pinyon-juniper

Texas savanna

Western oaks

Arno 2000
Arno 2000
Arno 2000
Arno 2000
Arno 2000
Arno 2000
Arno 2000
Arno 2000
Paysen and others 2000
Paysen and others 2000
Paysen and others 2000

Table 1.2c—Examples of vegetation types associated with stand replacement fire regimes in the
United States and Canada. Some widely distributed vegetation types occur in more
than one fire regime. Variations in fire regime result from regional differences in

terrain and fire climate.

Communities

Source

Boreal spruce-fir

Conifer bogs

Tundra

Wet grasslands

Prairie

Bay forests

Sand pine

Table mountain pine

Eastern spruce-fir

Atlantic white-cedar

Salt and brackish marshes

Fresh and oligohaline marshes and wet prairie
Florida coastal prairies

Florida tropical hardwood forests
Hawaiian forests and grasslands
Forests of Puerto Rico and the Virgin Islands
Coast Douglas-fir

Coastal true firymountain hemlock
Interior true fir-Douglas-fir-western larch
Rocky Mountain lodgepole pine
Western white pine-cedar-hemlock
Western spruce-fir-whitebark pine
Aspen

Grasslands (annual and perennial)
Sagebrush

Desert shrublands

Southwestern shrubsteppe
Chaparral-mountain shrub

Duchesne and Hawkes 2000
Duchesne and Hawkes 2000
Duchesne and Hawkes 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Wade and others 2000
Myers 2000, Wade and others 2000
Myers 2000

Myers 2000

Myers 2000

Myers 2000

Arno 2000

Arno 2000

Arno 2000

Arno 2000

Arno 2000

Arno 2000

Arno 2000

Paysen and others 2000
Paysen and others 2000
Paysen and others 2000
Paysen and others 2000
Paysen and others 2000
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ecosystem. Thus severity integrates both the heat
pulse above ground and the heat pulse transferred
downward into the soil. It reflects the amount of
energy (heat) that is released by a fire that ultimately
affects resources and their functions. It can be used to
describe the effects of fire on the soil and water system,
ecosystem flora and fauna, the atmosphere, and soci-
ety (Simard 1991). It reflects the amount of energy
(heat) that is released by a fire that ultimately affects
resource responses. Fire severity is largely dependent
upon the nature of the fuels available for burning, and
the combustion characteristics (in other words, flam-
ing versus smoldering) that occur when these fuels are
burned. This chapter emphasizes the relationship of
fire severity to soil responses because the most is
known about this relationship, and because soil re-
sponses (see chapters 2, 3,4, and 10) are closely related
to hydrologic responses (see chapters 5 and 6) and
ecosystem productivity (see chapters 4 and 8).

Fire Intensity versus Fire Severity

Although the literature historically contains confu-
sion between the terms fire intensity and fire severity,
a fairly consistent distinction between the two terms
has been emerging in recent years. Fire managers
trained in the United States and Canadain fire behav-
ior prediction systems use the term fire intensity in a
strict thermodynamic sense to describe the rate of
energy released (Deeming and others 1977, Stocks
and others 1989). Fire intensity is concerned mainly
with the rate of aboveground fuel consumption and,
therefore the energy release rate (Albini 1976,
Alexander 1982). The faster a given quantity of fuel
burns, the greater the intensity and the shorter the
duration (Byram 1959, McArthur and Cheney 1966,
Albini 1976, Rothermel and Deeming 1980, Alexander
1982). Because the rate at which energy can be trans-
mitted through the soil is limited by the soil’s thermal
properties, the duration of burning is critically impor-
tant to the effects on soils (Frandsen and Ryan 1986,
Campbell and others 1995). Fire intensity is not nec-
essarily related to the total amount of energy produced
during the burning process. Most energy released by
flaming combustion of aboveground fuels is not trans-
mitted downward (Packham and Pompe 1971,
Frandsen and Ryan 1985). For example, Packham and
Pompe (1971) found that only about 5 percent of the
heat released by a surface fire was transmitted into
the ground. Therefore, fire intensity is not necessarily
a good measure of the amount of energy transmitted
downward into the soil, or the associated changes that
occur in physical, chemical, and biological properties
of the soil. For example, it is possible that a high
intensity and fast moving crown fire will consume
little of the surface litter because only a small amount
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of the energy released during the combustion of fuels
is transferred downward to the litter surface (Rowe
1983, VanWagner 1983, Ryan 2002). In this case the
surface litteris blackened (charred) but not consumed.
In the extreme, one author of this chapter has seen
examples in Alaska and North Carolina where fast
spreading crown fires did not even scorch all of the
surface fuels. However, if the fire also consumes sub-
stantial surface and ground fuels, the residence time
on a site is greater, and more energy is transmitted
into the soil. In such cases, a “white ash” layer is often
the only postfire material left on the soil surface (Wells
and others 1979, Ryan and Noste 1985) (fig. 1.4).
Because one can rarely measure the actual energy
release of a fire, the term fire intensity can have
limited practical application when evaluating eco-
system responses to fire. Increasingly, the term fire
severity is used to indicate the effects of fire on the
different ecosystem components (Agee 1993, DeBano
and others 1998, Ryan 2002). Fire severity has been
used describe the magnitude of negative fire impacts
on natural ecosystems in the past (Simard 1991), but
a wider usage of the term to include all fire effects is
proposed. In this context severity is a description of
the magnitude of change resulting from a fire and does
not necessarily imply negative consequences. Thus, a
low severity fire may restore and maintain a variety of
ecological attributes that are generally viewed as
positive, as for example in a fire-adapted longleaf pine
(Pinus palustris) or ponderosa pine (P. ponderosa)
ecosystem. In contrast a high severity fire may be a
dominant, albeit infrequent, disturbance in a non-fire-
adapted ecosystem, for example, spruce (Picea spp.)
whereas it is abnormal in a fire-adapted ecosystem.

Figure 1.4—Gray to white ash remaining after a
pinyon-juniper slash pile was burned at high tem-
peratures for a long duration, Apache-Sitgreaves
National Forest, Arizona. (Photo by Steve Overby).



While all high severity fires may have significant
negative social impacts, only in the latter case is the
long-term functioning of the ecosystem significantly
altered.

Fire Intensity Measures

Byram’s (1959) definition of fireline intensity has
become a standard quantifiable measure of intensity
(Van Wagner 1983, Agee 1993, DeBano and others
1998). It is a measure of the rate of energy release in
the flaming front of the spreading fire. It does not
address the residual flaming behind the front nor
subsequent smoldering combustion (Rothermel and
Deeming 1980, Alexander 1982). Fireline intensity
can be written as a simple equation:

I=Hwr
where

I = fireline intensity (BTU/ft/sec or kW/m/sec)

H = heat yield (BTU/lb or kW/kg of fuel)

w = mass of available fuel burned (Ib/ft* or kg/m?)
r = rate of spread (ft/sec or m/sec)

Firelineintensityis proportional to the flame length in
a spreading fire and is a useful measure of the poten-
tial to cause damage to aboveground structures (Van
Wagner 1973, Rothermel and Deeming 1980, Alexander
1982, Ryan and Noste 1985). The Canadian forest fire
danger rating system calculates the intensity of sur-
face fires and crown fires based on Byram’s equation
(Stocks and others 1989). Rothermel (1972) defined a
somewhat different measure of fire intensity, heat per
unit area, which is commonly used in fire behavior

predictionin the United States (Albini 1976, Rothermel
and Deeming 1980, Andrews 1986, Scott 1998, Scott
and Reinhardt 2001). One problem with using current
fire behavior prediction systems in ecological studies
is that they focus on flaming combustion of fine fuels
and do not predict all of the combustion and fuel
consumned, or quantify all of the energy released,
during a fire (Johnson and Miyanishi 2001). The
intensity of residual combustion of large woody fuelsis
modeledin the BURNUP Model (Albini and Reinhardt
1995, Albini and others 1996) and the energy release
rate from duff consumption is modeled in the First
Order Fire Effects Model (FOFEM) v.5.0 (Reinhardt
2003).

Fires burn throughout a continuum of energy re-
lease rates (table 1.3) (Artsybashev 1983, Rowe 1983,
Van Wagner 1983, Rothermel 1991). Ground fires
burn in compact fermentation and humus layers and
in organic muck and peat soils where they spread
predominantly by smoldering (glowing) combustion
and typically burn for hours to weeks (fig. 1.5). For-
ward rates of spread in ground fires range on the order
of several inches (decimeters) to yards (meters) per
day. Temperatures are commonly in excess of 572 °F
(300 °C) for several hours (Frandsen and Ryan 1986,
Ryan and Frandsen 1991, Hartford and Frandsen
1992, Agee 1993). The conditions necessary for ground
fires are organic soil horizons greater than about 1.6 to
2.41inches (4 to 6 cm) deep and extended drying (Brown
and others 1985, Reinhardt and others 1997, Johnson
and Miyanishi 2001). Surface fires spread by flaming
combustion in loose litter, woody debris, herbaceous
plants and shrubs and trees roughly less than 6 feet

Table 1.3—Representative ranges for fire behavior characteristics for ground, surface, and crown fires (From Ryan 2002).

Dominant General Fire behavior characteristics
Fire type combustion phase description Rate of spread Flame length Fireline intensity
(melers/minute) (mefers) (kWometer)

Ground Smoldering Creeping 0.1t00.2 0.0 <10

Surface Flaming Creeping <11 0.1t0 0.5 1.7t0 15.8
Active/Spreading <1.1t08.3 0.5t0 1.5 15.8 t0 46.6
Intense/Running 8.3t042.9 1.5103.0 46.6 to 56.2

Transition Flaming Passive Crowning Variable' 3.0t0 10.0 Variable'
(Intermittent Torching)

Crowning Flaming Active Crowning 41t07.4 5.0 to 15° 54.6 t0 1,484.1
Independent Upto 14.8 Up to 70.0° Up to 524.5
Crowning

"Rates of spread, flame length, and fireline intensity vary widely in transitional fires. In subalpine and boreal fuels itis common for surface fires
to creep slowly until they encounter conifer branches near the ground, then individual trees or clumps of trees torch sending embers ahead of
the main fire. These embers start new fires, which creep until they encounter trees, which then torch. In contrast, as surface fires become more

intense, torching commonly occurs prior to onset of active crowning.

2Flame lengths are highly variable in crown fires. They commonly range from 0.5 to 2 times canopy height. Fire managers commonly report
much higher flames but these are difficult to verify or model. Such extreme fires are unlikely to result in additional fire effects within a stand but
are commonly associated with large patches of continuous severe burning.
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Figure 1.5—Smoldering ground fire. (Photo by
Kevin Ryan).

(about 2 m) tall. Under marginal burning conditions
surface fires creep along the ground at rates of 3 feet/
hour (less than 1 m/hr) with flames less than 19 inches
(less than 0.5 m) high (table 1.3). As fuel, weather, and
terrain conditions become more favorable for burning,
surface fires become progressively more active with
spread rates ranging on the order of from tens of yards
(meters) to miles (kilometers) per day. The duration of
surface fires is on the order of 1 to a few minutes
(Vasander and Lindholm 1985, Frandsen and Ryan
1986, Hartford and Frandsen 1992) except where
extended residual burning occurs beneath logs or in
concentrations of heavy woody debris. Here flaming
combustion may last a few hours resulting in substan-
tial soil heating (Hartford and Frandsen 1992). How-
ever, the surface area occupied by long-burning woody
fuels is typically small, less than 10 percent and often
much less (Albini 1976, Ryan and Noste 1985, Albini
and Reinhardt 1995). If canopy fuels are plentiful and
sufficiently dry, surface fires begin to transition into
crown fires (Van Wagner 1977, Scott and Reinhardt
2001). Crown fires burn in the foliage, twigs, and
epiphytes of the forest or shrub canopy located above
the surface fuels. Such fires exhibit the maximum
energy release rate but are typically of short duration,
30 to 80 seconds.

Fires burn in varying combinations of ground, sur-
face, and crown fuels depending on the local conditions
at the specific time a fire passes a given point. Ground
fires burn independently from surface and crown fires
and often occur some hours after passage of the flam-
ing front (Artsybashev 1983, Rowe 1983, Van Wagner
1983, Hungerford and others 1995a, Hungerford
and others 1995b). Changes in surface and ground
fire behavior occur in response to subtle changes in
the microenvironment, stand structure, and weather
leading to a mosaic of fire treatments at multiple
scales in the ground, surface, and canopy strata (Ryan
2002).
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Depth of Burn Measures

The relationship of fire intensity to fire severity
remains largely undefined because of difficulties en-
countered in relating resource responses to the burn-
ing process (Hungerford and others 1991, Hartford
and Frandsen 1992, Ryan 2002). While quantitative
relationships have been developed to describe changes
in the thermal conductivity of soil, and changes in soil
temperature and water content beneath surface and
ground fires, these relationships have not been thor-
oughly extrapolated to field conditions (Campbell and
others 1994, 1995). It is not always possible to esti-
mate the effects of fire on soil, vegetation, and air when
these effects are judged by only fire intensity measure-
ments because other factors overwhelm fire behavior.
The range of fire effects on soil resources can be
expected to vary directly with the depth of burn as
reflected in the amount of duff consumed and degree of
large woody fuel consumption (Ryan 2002). Thus, for
example, the depth of lethal heat (approximately 140 °F
or 60 °C) penetration into the soil can be expected to
increase with the increasing depth of surface duffthat
is burned (fig. 1.6).
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Figure 1.6—Temperature ranges associated with
various fire effects (top) (from Hungerford and oth-
ers 1991) compared to the depth of heat penetration
into mineral soil (bottom) for a crown fire over
exposed mineral soil (observed in jack pine Pinus
banksianainthe Canadian Northwest Territories) or
for ground fire burning in 5-, 15-, and 25-cm of duff
(predicted via Campbell and others1994, 1995).
Conditions are for coarse dry soil, which provides
the best conduction (i.e., a worst-case scenario).
(From Ryan 2002).



Numerous authors have used measures of the depth
of burn into the organic soil horizons or visual obser-
vation of the degree of charring and consumption of
plant materials to define fire severity for interpreting
the effects of fire on soils, plants, and early succession
(Conrad and Poulton 1966, Miller 1977, Viereck and
Dyrness 1979, Viereck and Schandelmeier 1980,
Dyrness and Norum 1983, Rowe 1983, Zasada and
others 1983, Ryan and Noste 1985, Morgan and
Neuenschwander 1988, Schimmel and Granstréom
1996, DeBano and others 1998, Feller 1998). Depth of
burn is directly related to the duration of burning in
woody fuels (Anderson 1969, Albini and Reinhardt
1995) and duff (Frandsen 1991a, 1991b, Johnson and
Miyanishi 2001). In heterogeneous fuels, depth of
burn can vary substantially over short distances (for
example, beneath a shrub or tree canopy versus the
inter-canopy area, or beneath alog versus not (Tunstall
and others 1976, Ryan and Frandsen 1991). At the
spatial scale of a sample plot within a given fire, depth
of burn can be classified on the basis of visual observa-
tion of the degree of fuel consumption and charring on
residual plant and soil surfaces (Ryan and Noste 1985,
Ryan 2002).

Ryan and Noste (1985) summarized literature on
the relationships between depth of burn and the char-
ring of plant materials. An adaptation of their table 2,
updated to reflect subsequent literature (Moreno and
Oechel 1989, Pérez and Moreno 1998, DeBano and
others 1998, and Feller 1998) and experience, particu-
larly in peat and muck soils, is presented in table 1.4.
This table can be used as a field guide to classifying
depth of burn on small plots (for example, quadrats).
A brief description of depth of burn characteristics is
provided for clarification of subsequent discussion of
fire effects:

* Unburned: Plant parts are green and unal-
tered, there is no direct effect from heat. The
extent of unburned patches (mosaics) varies
considerably within and between burns as the
fire environment (fuels, weather, and terrain)
varies. Unburned patches are important
rufugia for many species and are a source of
plants and animals for recolinization of adja-
cent burned areas.

e Scorched: Fire did not burn the area, but
radiated or convected heat from adjacent
burned areas caused visible damage. Mosses
and leaves are brown or yellow but species
characteristics are still identifiable. Soil heat-
ing is negligible. Scorched areas occur to
varying degrees along the edges of more se-
verely burned areas. As it occurs on edges,
the area within the scorched class is typically
small (Dyrness and Norum 1983) and effects
are typically similar to those in light burned

10

areas. The scorched class may, however, have
utility in studies of microvariation of fire
effects.

® Light:Inforeststhe surfacelitter, mosses, and
herbaceous plants are charred-to-consumed
but the underlying forest duff or organic soil is
unaltered. Fine dead twigs up to 0.25 inches
(0.6 cm) are charred or consumed, but larger
unburned branches remain. Logs may be black-
ened but are not deeply charred except where
two logs cross. Leaves of understory shrubs
and trees are charred or consumed, but fine
twigs and branches remain. In nonforest veg-
etation, plants are similarly charred or con-
sumed, herbaceous plant bases are not deeply
burned and are still identifiable, and charring
of the mineral soil is negligible. Light depth of
burn is associated with short duration fires
either because of light fuel loads (mass per
unit area), high winds, moist fuels, or a combi-
nation of these three factors. Typical forest-
floor moisture contents associated with light
depth of burn are litter (O;) 15 to 25 percent
and duff (0.+0,) greater than 125 percent.

®  Moderate: In forests the surface litter, mosses,
and herbaceous plants are consumed. Shallow
duff layers are completely consumed, and char-
ring occurs in the top 0.5 inch (1.2 cm) of the
mineral soil. Where deep dufflayers or organic
soils occur, they are deeply burned to com-
pletely consumed, resulting in deep char and
ash deposits but the texture and structure of
the underlying mineral soil are not visibly
altered. Trees of late-successional, shallow-
rooted species are often left on root pedestals
or topple. Fine dead twigs are completely con-
sumed, larger branches and rotten logs are
mostly consumed, and logs are deeply charred.
Burned-out stump holes and rodent middens
are common. Leaves of understory shrubs and
trees are completely consumed. Fine twigs
and branches of shrubs are mostly consumed
(this effect decreases with height above the
ground), and only the larger stems remain.
Stems of these plants frequently burn off at
the base during the ground fire phase leaving
residual aerial stems that were not consumed
in the flaming phase lying on the ground. In
nonforest vegetation, plants are similarly con-
sumed, herbaceous plant bases are deeply
burned and unidentifiable. In shrublands, av-
erage char-depth of the mineral soil is on the
order of less than 0.4 inch (1 cm), but soil
texture and structure are not noticeably al-
tered. Charring may extend 0.8 to 1.2 inches
(2.0 to 3.0 cm) beneath shrubs with deep leaf
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Table 1.4—Visual characteristics of depth of burn in forests, shrublands, and grasslands from observations of ground surface characteristics,
charring, and fuel consumption for unburned and light (part A), moderate (part B), and deep (part C) classes (Modified from Ryan and

Noste 1985).

Table 1.4 Part A

Depth of Vegetation type
burn class Forests Shrublands Grasslands
Unburned
Surface: Fire did not burn on the surface. See Forests See Forests
Fuels: Some vegetation injury may occur See Forests See Forests
from radiated or convected heat
resulting in an increase in dead
fuel mass.
Occurrence: A wide range exists in the percent See Forests See Forests
unburned in natural fuels. Under
marginal surface fire conditions
the area may be >50 percent.
Under severe burning conditions
<5 percent is unburned. Commonly
10 to 20 percent of the area in slash
burns is unburned. Unburned patches
provide refugia for flora and fauna.
Light
Surface: Leaf litter charred or consumed. Leaf litter charred or consumed, Leaf litter is charred or consumed
Upper duff charred but full depth but some leaf structure is but some plant parts are discernable.
not altered. Gray ash soon becomes discernable. Leaf mold beneath Herbaceous stubble extends above
inconspicuous leaving a surface that shrubs is scorched to lightly the soil surface. Some plant parts
appears lightly charred to black. charred but not altered over its may still be standing, bases not deeply
entire depth. Where leaf mold burned, and still recognizable. Surface
is lacking charring is limited to is black after fire but this soon becomes
<0.2 cm into mineral soil. Some inconspicuous. Charring is limited to
gray ash may be present but soon <0.2 cm into the soil.
becomes inconspicuous leaving
a blackened surface beneath shrubs.
Fuels: Herbaceous plants and foliage and Typically, some leaves and twigs Typically, 50 to 90 percent of
fine twigs of woody shrubs and trees remain on plants and <60 percent herbaceous fuels are consumed and
are charred to consumed but twigs of brush canopy is consumed. much of the remaining fuel is charred.
and branches >0.5 cm remain. Foliage is largely consumed whereas
Coarser branches and woody debris fine twigs and branches >0.5 cm remain.
are scorched to lightly charred but
not consumed. Logs are scorched
to blackened but not deeply charred.
Rotten wood scorched to partially
burned.
Occurrence: Light depth of burn commonly occurs In shrublands where fine fuels are Burns are spotty to uniform, depending

on 10 to 100 percent of the burned area
in natural fuels and 45 to 75 percent in
slash fuels. Low values are associated
with marginal availability of fine fuels
whereas high values are associated
with continuous fine fuels or wind-
driven fires.

continuous, light depth of burn occurs
on 10 to 100 percent depending on
fine fuel moisture and wind. Where
fine fuels are limited, burns are
irregular and spotty at low wind
speeds. Moderate to high winds are
required for continuous burns.
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on grass continuity. Light depth of burn
occurs in grasslands when soil
moisture is high, fuels are sparse, or
fires burn under high wind. This is the
dominant type of burning in most
upland grasslands.

(con.)
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Table 1.4 Part B

Depth of Vegetation type

burn class Forests Shrublands Grasslands

Moderate

Surface: In upland forests litter is consumed In upland shrublands litter is consumed. In upland grasslands litter is consumed.
and duff deeply charred or consumed, Where present, leaf mold deeply Charring extends to <0.5 cm into
mineral soil not visibly altered but soil charred or consumed. Charring 1 cm mineral soil, otherwise soil not altered.
organic matter has been partially into mineral soil, otherwise soil not Gray or white ash quickly disappears.
pyrolized (charred) to a depth >1.0 cm. altered. Gray or white ash quickly In grasslands, sedge meadows and
Gray or white ash persists until leached disappears. In shrub-scrub wetlands prairies growing on organic soils
by rain or redistributed by rain or wind. growing on organic soils moderate moderate depth of burn fires partially
In forests growing on organic soils depth of burn fires partially burn burn the root-mat but not the
moderate depth of burn fires partially the root-mat but not the underlying underlying peat or muck.
burn the root-mat but not the peat or muck.
underlying peat or muck.

Fuels: Herbaceous plants, low woody shrubs, Herbaceous plants are consumed to Herbaceous plants are consumed
foliage and woody debris <2.5 cm the ground-line. Foliage and branches to the ground-line.
diameter consumed. Branch-wood of shrubs are mostly consumed.
2.5 to 7.5 cm 90+ percent consumed. Stems <1 cm diameter are mostly
Skeletons of larger shrubs persist. Logs consumed. Stems >1 cm mostly remain.
are deeply charred. Shallow-rooted, late
successional trees and woody shrubs
are typically left on pedestals or topple.
Burned-out stump holes are common.

Occurrence: Moderate depth of burn occurs on Moderate depth of burn varies with Moderate depth of burn tends to occur

0 to 100 percent of natural burned
areas and typically 10 to 75 percent
on slash burns. High variability is due
to variability in distributions of duff
depth and woody debris.

Table 1.4 Part C

shrub cover, age, and dryness. It
typically occurs beneath larger shrubs
and increases with shrub cover.
Typically burns are more uniform
than in light depth of burn fires.

when soil moisture is low and fuels
are continuous. Then burns tend to

be uniform. In discontinuous fuels high
winds are required for high coverage
in moderate depth of burn.

Deep

Surface: In forests growing on mineral soil In shrublands growing on mineral In grasslands growing on mineral soil
the litter and duff are completely soil the litter is completely consumed the litter is completely consumed
consumed. The top layer of mineral leaving a fluffy white ash surface that leaving a fluffy white ash surface that
soil visibly altered. Surface mineral soon disappears. Organic matter is soon disappears. Charring to depth
soil structure and texture are altered consumed to depths of 2 to 3 cm. of 1 cm in mineral soil. Soil structure
and soil is oxidized (reddish to yellow Colloidal structure of surface mineral is slightly altered. In grasslands
depending on parent material). Below soil is altered. In shrub-scrub wetlands growing on organic soils deep depth
oxidized zone, >1 cm of mineral soil growing on organic soils deep depth of burn fires burn the root-mat and
appears black due to charred or of burn fires burn the root-mat and the underlying peat or muck to depths
deposited organic material. Fusion the underlying peat or muck to depths that vary with the water table.
of soil may occur under heavy woody that vary with the water table.
fuel concentrations. In forests growing
on organic soils deep depth of burn
fires burn the root-mat and the
underlying peat or muck to depths that
vary with the water table.

Fuels: In uplands twigs and small branches In uplands twigs and small branches All above ground fuel is consumed to
are completely consumed. Few large, are completely consumed. Large charcoal and ash.
deeply charred branches remain. branches and stems are mostly
Sound logs are deeply charred and consumed. In wetlands twigs, branches,
rotten logs are completely consumed. and stems not burned in the surface
In wetlands twigs, branches, and fire may remain even after subsequent
stems not burned in the surface fire passage of a ground fire.
may remain even after subsequent
passage of a ground fire.

Occurrence: In uplands deep depth of burn occurs In uplands deep depth of burn typically In uplands deep depth of burn
under logs, beneath piles, and ar